Extending and building on a geology-based assessment of undiscovered, technically recoverable petroleum resources in the Bakken and Three Forks Formations of the Williston Basin Province in Montana and North Dakota, the U.S. Geological Survey has estimated the water and proppant demands and water-production volumes associated with possible future development of those petroleum resources. The water and proppant assessment results are presented here, along with related drilling information and relevant water budget volumes for the region.
Introduction
The U.S. Geological Survey (USGS) has completed an assessment of water and proppant requirements and water production associated with the possible future production of undiscovered oil and gas resources in the Three Forks and Bakken Formations (Late Devonian to Early Mississippian) of the Williston Basin Province in Montana and North Dakota ( fig. 1 ). This water and proppant assessment is directly linked to the geology-based assessment of the undiscovered, technically recoverable continuous oil and gas resources that is described by Gaswirth and others (2013) , and it is the first of its kind conducted by the USGS.
The production of oil and gas from continuous accumulations, such as the Bakken and Three Forks Formations, is commonly made possible by hydraulic fracturing stimulation, which involves pumping fluids containing water and proppant (granular material, often sand, that is intended to hold open the newly generated fractures) into the petroleum reservoir to improve fluid-flow characteristics. Water is also used during the process of drilling a production well and cementing the well casing in place, and the horizontal wells that are often (but not always) involved with producing petroleum from continuous reservoirs typically require larger water volumes for drilling and cement than comparable vertical wells. When petroleum production commences, water is generally produced along with oil and gas. This produced water includes hydraulic fracturing water, which returns as "flowback water" early in the life of the well, and "formation water," which resides in or adjacent to the petroleum reservoir formation and is produced throughout the duration of petroleum production.
Between the time of the 2013 petroleum assessment (Gaswirth and others, 2013) and this water and proppant assessment (conducted in 2016 using data current up to August 2016), more than 6,000 additional production wells have been drilled in the Bakken and Three Forks Formations involving at least 22 billion gallons of water and 12 million tons of proppant used for hydraulic fracturing. Between January 2013 and August 2016, approximately 42 billion gallons of water, along with 1.3 billion barrels of oil, have been produced from these two formations.
Assessment Approach and Input Values
The USGS methodology for assessing the water and proppant requirements and water production associated with possible future production of oil and gas from continuous accumulations is described by Haines (2015) . The methodology incorporates many elements of the USGS assessment approach for continuous petroleum accumulations (Charpentier and Cook, 2010) , including estimated ultimate recovery of petroleum per well (EUR) and the input values and calculations for estimating the number of wells potentially associated with production of the petroleum in each assessment unit (AU). In addition, the water and proppant assessment methodology includes input values for the water per well for drilling and cement and for hydraulic fracturing treatment, the proppant-to-water ratio for hydraulic fracturing, the percentage of hydraulic fracturing water that returns as flowback, and the long-term water-to-oil or water-to-gas ratio. The long-term produced water-topetroleum ratio represents formation water (water that exists along with petroleum in the geologic formation) and the volume of water exceeding this ratio during the first few months after hydraulic fracturing is considered to be flowback water. A Monte Carlo approach provides probabilistic outputs based on probabilistic inputs (Haines, 2015) .
This 2016 water and proppant assessment for the Bakken and Three Forks Formations incorporates the geologic information in the 2013 assessment of oil and gas in the Bakken and Three Forks Formations (Gaswirth and others, 2013; Gaswirth and Marra, 2015) , and it uses the same values for EUR and the inputs that are part of the well count calculation. Gaswirth and others (2013) defined six AUs that Modified from Gaswirth and others (2013) .
are part of the Bakken Total Petroleum System: five continuous AUs for the Bakken Formation and one continuous AU for the Three Forks Formation ( fig. 1 ). The 2013 petroleum assessment also included hypothetical conventional AUs for additional areas of the Bakken and Three Forks Formations, but those are not included in this water and proppant assessment because the water and proppant assessment methodology applies only to continuous petroleum resources.
We determined input values for the water and proppant assessment using analysis of data relating to water and proppant use and water production for the Bakken and Three Forks Formations from IHS Markit TM (2016) and data provided by the North Dakota Industrial Commission. All inputs are specified as ranges of possible values, rather than as single fixed values, to allow quantification of uncertainty throughout the assessment process. Selected assessment input values are shown in table 1.
Several assessment inputs describe quantities whose specific values are driven by technical choices made by oil and gas production companies. These inputs were assigned the same values for all AUs (table 1) based on the observation that similar technologies are being employed throughout the entire assessment area. Based on analysis of water use for hydraulic fracturing of wells producing from the Bakken and Three Forks Formations (IHS Markit, 2016) , the water requirement per well for hydraulic fracturing treatment was estimated as a range that has a mean value of 4.17 million gallons. From the same data source, the proppant-to-water ratio for hydraulic fracturing treatments was estimated to have a mean value of 1.2 pounds of proppant per gallon of water. Based on trends reported for similar wells, the water requirement per well for drilling and cement was estimated to have a mean value of 150,000 gallons; data describing actual water use for the drilling and cementing of wells producing from the Bakken and Three Forks Formations are limited.
Monthly water and oil production data (IHS Markit, 2016) allow estimation of two different input values as described by Haines (2015) :
(1) the percent of hydraulic fracturing fluid that returns to the surface as flowback and (2) the long-term water-to-oil ratio for production over the life of the well. Based on spatial and temporal analysis of all available data for wells producing from the Bakken and Three Forks Formations, the input value indicating the percentage of hydraulic fracturing fluid that returns as flowback water was estimated to be the same for all AUs with a mean value of 6 percent. The long-term water-to-petroleum ratio was specified uniquely for each AU and for sweet-spot and non-sweetspot areas within each AU because this parameter is tied closely to reservoir characteristics, which vary considerably across the province. Geologic sweet spots were defined by Gaswirth and others (2013) , and maps of the sweet spots are shown by Gaswirth and Marra (2015) .
Water and Proppant Assessment Results and Supporting Information
Results from the 2016 USGS water and proppant assessment are shown in table 2. All assessment outputs are distributions that indicate the range of possible values and the table summarizes these with the 95th fractile (F95), 50th fractile or median (F50), 5th fractile (F5), and the mean value. Summing over all AUs, the mean estimated total water for drilling and cement is 5.9 billion gallons, the mean estimated water for hydraulic fracturing is 164.3 billion gallons, the mean estimated quantity of proppant for hydraulic fracturing is 101.3 million tons, the mean estimated total flowback water volume is 9.9 billion gallons, and the mean estimated total produced water is 414.5 billion gallons.
The fundamental assessment outputs (table 2) are estimates of the total water and proppant requirements and total water production associated with development of the entire undiscovered petroleum resource in the Bakken and Three Forks Formations of the Williston Basin Province. Future extraction of this oil resource, if it occurs, would take place with a rate and timing that are unknown. Table 3 provides additional information intended to help users understand questions involving the rate of oil development on an annual basis (the basis on which most water planning occurs). Specifically, the table shows the reported number of oil and gas wells drilled annually within each AU from 2011 to 2015 (IHS Markit, 2016) and estimated quantities of water and proppant associated with different scenarios for possible drilling rates. These water and proppant volume estimates are based on the mean values of the associated assessment input distributions.
To provide context for the water volumes in tables 2 and 3, table 4 shows water quantities for other parts of the hydrologic system within each AU. These include the total water produced as part of oil and gas production (IHS Markit, 2016), total surface water and groundwater withdrawals (Maupin and others, 2014) , and water use in four Table 1 . Selected input values for the water and proppant assessment. The "long-term produced water ratio" and flowback water volume are defined and discussed by Haines (2015) . Table 2 . Assessment results showing resource requirements and production associated with production of continuous petroleum deposits in the Bakken Total Petroleum System, Williston Basin Province, Montana and North Dakota.
[F95 represents a 95-percent chance of at least the amount tabulated; other fractiles are defined similarly. Mgal, million gallons. categories: (1) agriculture (including use for irrigation, livestock, and aquaculture), (2) industrial (including mining and self-supplied industrial use), (3) municipal (public supply and self-supplied domestic use), and (4) thermoelectric (Maupin and others, 2014) . Each of these volumes is the total production, withdrawal, or use within the map area of each AU. Because the Three Forks Continuous Oil AU spatially overlaps the Bakken continuous AUs (the Three Forks Formation underlies the Bakken Formation), the water quantities indicated for the Three Forks Continuous Oil AU are also included within the overlying Bakken Continuous Oil AUs. Table 5 provides information to facilitate comparisons between the Bakken and Three Forks AUs and comparisons between these AUs and areas to be studied in future USGS water and proppant assessments.
Listed in the table are the estimated water and proppant requirements, and flowback water and total produced water production, per barrel of undiscovered, technically recoverable oil in each AU. Each of these numbers is based on the mean value of the relevant distributions, and for completeness, the mean value of the estimated undiscovered oil resources in each AU (Gaswirth and others, 2013 ) is also shown. Gaswirth and others (2013) .
